Eight polyols were employed in turn as sole carbon source for aerobic growth tests with sixteen yeasts. The yeasts studied varied from those using none to others using all the polyols. Mean generation times in aerated, liquid, shaken medium for five yeasts and four polyols, were from 2 to 7.5 hr.
INTRODUCTION
Differences between yeasts in their ability to use polyols as sole carbon sources for aerobic growth have been employed for classifying and identifying yeasts (e.g. Wickerham, 1951; Kudriavzev, 1954; Kreger-van Rij, 1964; Poncet & Arpin, 1965) .
Work on the metabolism of the acyclic polyols has been reviewed by Edson (1953) , Touster & Shaw (1962), Hollmann & Touster (1964), Lewis & Smith (1967a) and Barnett (1968) . The following three kinds of enzymatic reaction are capable of initiating a metabolic attack on polyols. 
Auxanographic growth tests on sixteen yeasts
The yeast was washed off a slope into 10 ml. of water. For each auxanogram, 0.5 ml. of this suspension was added to a tube containing 12 ml. of melted agar medium without carbon source, at 47". After mixing, the medium was poured into a Petri dish, cooled, and the surface dried in an incubator. Test carbon sources were placed on the agar surface of each plate, which was incubated and examined daily for 4 days. The results are given in terms of + (growth) and -(no growth); n, means not tested. 
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T. pseudaeria (LTS tion, stock slopes of each strain were kept at + I" and subcultured not less often than every 6 months (cf. Kirsop, 1954) . The identity of each strain was checked at least by (i) microscopic examination, and (ii) auxanographic tests of its ability to use certain carbon compounds (e.g. Lodder & Kreger-van Rij, 1952) .
Media
The following media were used to cultivate the yeasts: (i) Difco Bacto Y-M agar (pH 6.2); (ii) A2 (PH 4.8) a chemically defined, carbon-free medium (Wickerham & Burton, 1948 ; modified by Barnett & Ingram, 1955) , plus a source of carbon usually at 50 mM. Succinate was added as the sodium salt in solution at pH 4 and acetate as ammonium acetate. Vitamins and glucose were filter-sterilized and added aseptically to the autoclaved medium (120" for 15 min.). Autoclaved carbon compounds were sterilized separately. 2 % (w/v) Difco Special Agar-Noble was added to certain media.
Growth rate
For determination of growth rates, T-tubes (Kay & Fildes, 1950; Barnett & Ingram, 1955) of 40 ml. total capacity, containing 10 ml. A2 medium with 0.5 mmole test substrate, were inoculated with 0.1 ml. yeast suspension (about ~o p g . dry weight of yeast). The suspension was prepared by suspending the growth from an A2 agar slope to a suitable density. The tubes were rocked at I cycle/sec. at 25' . Growth was followed with either an E.E.L. nephelometer or automatically with a recording nephelometer (Dr H. Laser, private communication) and the readings converted t o mg. dry weight by means of a standard curve.
'Induction or selection' experiments
For each strain, a culture was grown for about 18 hr in 10 ml. medium A2 with D-glucose as carbon source, in a T-tube as described above. The yeast, treated aseptically, was then washed twice in 10 ml. 0-I M-KH,PO, and resuspended in I 00 ml. o
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washed and re-suspended in IOO ml. 0-1 M-potassium phosphate buffer (pH 5.8). To reduce the endogenous rate of oxygen uptake the suspension was replaced in a Fernbach flask and rocked and aerated for 4 hr. The yeast cells were then centrifuged and re-suspended in 0.1 M-potassium phosphate buffer (pH 5.8) at a final concentration of about 2 mg. dry wt/ml.
Oxygen uptake on addition of substrates was measured with single side arm Warburg manometers containing 2 mi. yeast suspension in the main compartment, 20 pmoles substrate in 0-2 ml. water in the side arm, and a strip (3-5 x I cm.) of Whatman no. 40 filter paper and 0.2 ml. 2 N-KOH in the centre well. The gas phase in the manometers was air and the flasks were equilibrated at 25' for [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] min. before the contents of the side arms were mixed with those of the main compartments. After each experiment the contents of every flask were examined microscopically to ascertain that there were no bacterial contaminants.
Substrate penetration experiments
For experiments on the penetration of a substance into a yeast which did not use it, the yeast was grown on a suitable carbon source in the presence of that substance (0.025 M). This procedure allowed for cases where the mechanism for translocation might be inducible, as for maltose with Saccharomyces cerevisiae (Harris & Thompson, I 96 I). Otherwise growth, harvesting and starving the yeast suspension were performed exactly as described for the manometric experiments.
Incubation. Nine ml. of the yeast suspension (about 3 mg. dry weight of yeastlml.) in 0-1 M-potassium phosphate buffer (pH 5.8) were placed in each of two IOO ml. Erlenmeyer flasks (A and B) containing a glass-covered rod magnet. Flask A was held in a water bath at 30" and flask B in a vessel packed with ground ice. The second flask allowed for radioactive material adsorbed by the cell walls and outside the cell membranes (Cirillo, 1961) . Both flasks were over magnetic stirrers to keep the suspensions mixed and aerated. After 10 min. equilibration, to each flask were added at zero time either: (i) 0-1 ml. M-D-glucitol and 1-0 ml. [U-14C]~-glucitol (10 p c , 1-2 ,%moles/ ml.), or (ii) 0-1 ml. M-erythritol and 0.5 ml. [U-14C]erythritol (10 p c , 0.5 pmoles/ml.). Samples (1.0 ml.) were taken from each flask as near as practicable to zero time (within 20 sec.) and thereafter at 15 min. intervals for I hr. Each sample was sucked quickly through a membrane filter (MF 50, Membranfilter GmbH, Gottingen, diam. 30 mm.) . The retained yeast was quickly washed twice with I ml. water at I" (cf. Cirillo & Wilkins, 1964; Kotyk & Kleinzeller, 1963) and the membrane, with the yeast in situ, was removed immediately and transferred to a counting vessel containing I 5 ml. toluene with 0.3 % (w/v) PPO (2,5-diphenyloxazole) at 0 ' . The counting vessels were glass bottles (27 mm. diam. 48 mm. height) with plastic screw caps (Wheaton Vials, Ekco Electronics Ltd.). Samples were stored at oo until counted with a Packard Tri-carb coincidence liquid scintillation spectrometer (55-66 % maximum efficiency) and were counted at least twice for 30 min. at approx 2 O . No corrections were made for quenching or for coincident disintegrations.
Cell-free extracts
For preparation of cell-free extracts I litre A2 medium, containing a suitable source of carbon, was inoculated with IOO ml. of a culture in a similar medium and less steel capsule of 20 ml. capacity contained 2-4 g. wet weight of frozen yeast, 10 g. washed ballotini no. 12 (Jencons Ltd.), TOO pmoles tris/g. of yeast and 7.5 ml. water. For some experiments I mmole sodium phosphate (pH 7.0 at 1 8 ' ) was used in place of tris. The capsule was shaken reciprocally at room temperature for 30 sec. at about 6000 cycles/min., 15 mm. travel. During shaking, the temperature of the capsule's contents rose from 0 ' to between 5 ' and 1 0 ' . The capsule was carried to and from the disintegrator in ice. The suspension of disintegrated material was at about pH 7.
The suspension was centrifuged at about 10,000 g for 15 min. at -3 ' and the supernatant fluid centrifuged again in a refrigerated preparative ultracentrifuge (Spinco) at about IOO,OOO g for 2 hr. Without such severe centrifugation, electrophoresis was unsatisfactory; material, perhaps nucleoprotein, accumulated at the origin slot and interfered with the free-running of the protein.
The supernatant was dialysed for 4 hr. at I ' against 1000 ml. of 2 mM-tris HCl (pH 7.8), to which I mole of sucrose was added (final concentration 0 ' 8 2~) when the extract was prepared for electrophoresis. For certain experiments, 5 mM-sodium phosphate (pH 7.0) was used instead of tris buffer.
Estimation of protein For routine purposes the concentration of protein in the cell-free extract was estimated by the method of Warburg & Christian (Layne, 1g57), though in certain cases by that of Lowry, Rosebrough, Farr & Randall (1951).
Measurement of dry weight
For yeast suspensions in phosphate buffer, samples of from 2 to 10 ml. (as large as practicable) of the suspension were pipetted into weighed tubes or beakers and dried at 1 0 3 -I O~O to constant weight. For yeast suspensions in growth medium with carbon source, a similar procedure was followed except that the samples were pipetted into weighed centrifuge tubes in which they were finally dried. Before drying, the samples were centrifuged, washed twice and re-suspended in buffer.
Measurements of enzyme activity
Coenzyme reduction and oxidation by crude extracts in the presence of polyols, ketoses or aldoses, were followed spectrophotometrically by measuring changes in extinction at 340 mp with a Beckman automatic recording spectrometer (DK 2 ) . For most experiments, the assay mixture contained 200 pmoles buffer [glycine pH 9.0 for NAD(P) reduction or phosphate pH 6.8 for NAD(P)H oxidation], 1.0 mmole substrate (polyol, ketose or aldose), 0.1 ml. enzyme-containing extract (about 0.4 mg. protein), 4-5 pmoles NAD(P)+ or 0-45 pmoles NAD(P)H, and water to 3-0 ml. The reference cuvette contained water only. Reactions were started by addition of coenzymes. Recordings were begun within 10 sec. of the addition, and were usually continued for 3 min. In every experiment, control recordings were made without added substrate, without added coenzyme and without added extract. Assays were Use ofpolyols by yeasts =37 carried out at 30" using a constant temperature cell and Escoma values were converted to NAD(P)H concentrations using em = 6-22.
Products of polyol oxidation The reactions were carried out in T-tubes containing 75opmoles tris buffer (pH 8-0), 0.5 pmoles polyol, 2.0 ml. crude extract (approx. 10 mg. protein), 5.0 pmoles NAD+ or NADP+, 200 pmoles sodium pyruvate, about 400 units crystalline lactate dehydrogenase (capable of oxidizing about 0.2 pmoles NADH/min. at 25' and pH 7.5) and water to 10 ml. Extract or coenzyme was omitted from control tubes. Pyruvate and lactate dehydrogenase were included to reoxidize the coenzyme (cf. Fossitt, Mortlock, Anderson & Wood 1964) . The tubes were covered and shaken gently for 3 hr. at 30".
At the end of the incubation the mixture was checked for absence of microbial contamination, acidified to pH 5-5 or 6.0 with about 10 pl. acetic acid, heated for 2 min. at about IOO', cooled, and centrifuged at about 30,ooog for 30 min. The clear supernatant fluid was put through about 2 g. cation exchange resin (200-400 mesh AG 50 W-X 8 Bio Rad H+ form) and the effluent dried under reduced pressure in a rotary evaporator at 40-50'.
Chromatography. The residue was taken up in about I ml. water and applied in I pl. quantities to a silica-gel layer, made up in 0.1 M-boric acid and spread on glass as a layer 250p thick. Authentic sugar samples were also applied in different positions. The chromatograms were run vertically for a distance of 150 mm. with one of the following solvents : ethyl acetate + pyridine +water (10 + 4 + 3, by vol.), n-butanol + acetone +water (4 + 5 + I, by vol.), n-butanol +ethanol + water (4 + I + 5, by vol.), or water-saturated phenol. The chromatograms were dried at laboratory temperature in a strong stream of air and were usually run again in the same solvent exactly as before. They were then treated to locate carbohydrates with the periodate-benzidine reagent of Gordon, Thornburg & Werum (1956) or with slightly modified naphthoresorcinol or aniline phthalate reagents of Hollmann & Touster (1964) in which ethanol and water-saturated n-butanol were replaced with an equal volume of methanol or methanol + water (80 + 20, v/v) respectively. Boric acid, when present in the silica-gel layer, interfered with the action of these reagents (cf. Lewis & Smith, 1967b) and methanol prevents this by removing boric acid as its volatile methyl ester (Wolfrom & Thompson, 1963) . At least two (usually three) solvents were used for each identification. In two experiments (oxidation of D-glucitol by extracts of succinate-and D-glucitol-grown Torulopsis candida), chromatographic identification of fructose and xylo-hexulose was confirmed by means of the cysteine-carbazole reaction of Dische & Borenfreund (1951) and the cysteine-sulphuric acid reaction of Dische & Devi (1960).
Gel electrophoresis
The best separations of the polyol dehydrogenases were obtained by vertical starch gel electrophoresis (Smithies, I 959), using a modification of the discontinuous buffer system of Poulik (1957) at pH 7.8. The use of M-urea to stabilize the starch gels at low temperatures and also operation at pH 8.6 each led to inactivation of the polyol dehydrogenases. The buffer discontinuity was achieved by using two different gelbuffers. The two end gel blocks were of borate buffer (Scopes, 1963) , between which 138 J. A. BARNETT was poured an inner gel containing tris-DETPA (diethylenetriamine penta-acetic acid) buffer (Scopes, 1964 Most of the extracts were also run in an alternative continuous buffer system, composed of gel bufler (pH 7.0): 3 m~-Na,HP0,+0.4 mwcitric acid (cf. Fine & Costello, 1963) and tray bufer (pH 7.0) of 30 m~-Na,HP0,+4 mM-citric acid.
The starch gels were prepared as follows. Outer gel: 25 g. hydrolysed potato starch were mixed with 250 ml. outer gel buffer in a 1000 ml. conical flask. The buffer and starch were heated over a Bunsen burner with continuous agitation. The gel first thickened and then liquefied. Heating was continued until the gel was almost boiling, and the dissolved air was removed by boiling under reduced pressure for about 30 sec. The two end-blocks of the gel tray were then filled with the gel, the latter was prevented from filling the centre part by pieces of perspex. After 30 min., the pieces were removed and the inner gel was poured. Inner gel: 21.5 g. starch were mixed with 180 ml. inner gel buffer, heated as described for the outer gel, and poured into the tray between the two outer gels. The slot-former was immediately put in place towards one end of the inner gel. Usually 16 slots were used of 3 mm. width (capacity 10 pl.), 4 mm. apart; but 10 slots of 7 mm. width (capacity 25 pl.), 4 mm. apart were used for some experiments. After 30 min., the whole gel was covered with a sheet of polythene to prevent drying; it was kept overnight at I O ' , and put in a room at I " for 30 min. before the extracts were inserted.
Dialysed, concentrated extract (about I 5 mg. protein/ml.) was inserted into each slot as a free solution and the slots sealed with liquid petroleum jelly, mixed with CCl, to lower the melting point. Bovine serum albumin, stained with excess naphthalene black and then dialysed against distilled water at I ' to remove excess stain, was added to the concentrated extracts at a final concentration of 0.05 mg./ml. extract. The stained albumin acted as a visible marker throughout electrophoresis and served as a guide when cutting the gel into strips and as a reference substance for the identification of enzyme bands by their relative positions.
To prevent evaporation during electrophoresis, the gel was covered with a thin sheet of polythene held in position by petroleum jelly. Electrophoresis was carried out vertically for 3-5-5 hr in a constant temperature room at I ' at about 10 V/cm. Initially the current was about 24 mA, falling to about 18 mA during electrophoresis. The temperature of the gel did not rise above 10'. Polyacrylamide gels were prepared as described by Raymond (1964) and Lund (1965) and were used with the starch-gel buffers at half the above concentrations. Chemicals, enzymes and coenzymes Most of the chemicals were obtained from British Drug Houses; and, where possible, they were of Analar grade. D-mannitol was recrystallized twice from water. D-glucitol was recrystallized twice from the pyridine-glucitol complex (Strain, I 934, I 937), and then recrystallized twice from methanol. Galactitol was recrystallized twice from water. L-iditol was a gift from Dr F. A. Isherwood. Ribitol and erythritol were recrystallized twice from ethanol, then twice from water by the addition of acetone. Xylitol Sodium pyruvate was prepared by (i) redistilling pyruvic acid three times, and (ii) preparing the sodium salt according to the method of Price & Levintow (1952) .
Starch for gel-electrophoresis was obtained from the Connaught Medical Research Laboratories, Toronto. Silica Gel G for thin layer chromatography came from E. Merck, A.G., Darmstadt.
Alcohol dehydrogenase, lactate dehydrogenase, NAD+, NADP', NADH and NADPH were obtained from the Sigma Chemical Co.
RESULTS
Polyol utilization by growing cells
The results of the auxanographic growth tests (Table I) agreed generally with other published work on the growth of yeasts on polyols (e.g. Wickerham, 1951 ; Kudriavzev, 1954; Kreger-van Rij, 1964) . The number of polyols employed as test substrates by those authors was extended in the present work to include xylitol and wand L-arabinitol. The following points are of particular interest: (i) The yeasts varied from those like Saccharomyces cerevisiae that used no polyols as sole carbon-source to others such as Torulopsis candida which used all that were offered. (ii) All yeasts that used any polyol used D-mannitol. (5) No yeast used D-lyxo-hexulose (D-tagatose), an expected oxidation product of galactitol (Shaw, 1956 (Shaw, , 1962 , not even those able to grow on galactitol. (iv) Most of the yeasts could use succinate, and some were found able to use acetate. Hence these compounds could be employed as carbon substrates for growing yeasts in order to study their constitutive polyol dehydrogenases. (v) The identity of the strain LTS 23 was confirmed as that of Candida utilis by its responses to the growth tests. These were identical to the reactions given by C. utilis strain NCYC 359. Some strains of this species have been reported to use certain polyols; unpublished results of van Uden (B. L. Brady, personal communication, 1965) show that of 13 strains tested one used erythritol, four used ribitol and five used D-mannitol. L-xylo-Hexulose, D-and L-arabinose, D-ribose, galactitol and D-glucitol were not used by any strain, whereas D-xylose was used by all 13. Hence C. utilis appears to use D-xylose characteristically but not L-arabinose, although C. utilis has been reported as able to use L-arabinose for growth (Chakravorty, Veiga, Bacila & Horecker, 1962 ; Horecker, 1962a, pp. Table I) . Rates of growth during the exponential phase, in terms of mean generation (doubling) time, are given in Table 2 for five yeasts. These rates varied from about 2 to 7-5 hr. The growth of Torulopsis candida on four polyols or D-glucose was measured in terms of dry weight (Fig. I) . The inoculum, the same for each substrate, was grown in liquid culture on succinate, and harvested and washed before the end of the exponential phase of growth. The lag phases were particularly long for erythritol, galactitol and D-mannitol. The length of the lag phase could be reduced in each case by growing the inoculum on the same substrate as that on which the yeast's growth was to be measured. Generally, it was possible to harvest the yeasts just before the end of the exponential phase (about 20 hr after inoculation) with a yield of from 3 to 5 mg./ml. in the presence of a polyol clearly indicated that it was utilized.
Use ofpolyols by yeasts 141
No yeast respired a substrate upon which it could not grow, or vice versa. With certain exceptions, the rates of respiration of the polyols were little affected by the nature of the growth substrate. Notable exceptions were provided by glucose, erythritol and galactitol.
The respiration of polyols by yeasts grown on D-glucose was usually much slower than that by yeasts grown on other substrates, even on succinate which, presumably, does not induce the formation of polyol dehydrogenases. For example (Table 3) (endogenous 5). This effect, also observed with Hansenula anomala and with Saccharomyces acidifaciens, is not surprising, since glucose is known to inhibit the formation of a number of enzymes in yeasts (MacQuillan & Halvorson, 1962) and in bacteria (e.g. Magasanik, I 957). However the polyol dehydrogenase activity of glucose-grown yeast was investigated only with Candida utilis. For this yeast, the level of inducible polyol dehydrogenase activity was about as low in glucose-as in acetate-grown cells (Table 6 ). The activity of the NADP-specific polyol dehydrogenase of the same strain is also low in glucose-grown cells (Scher & Horecker, 1966a) .
Only yeasts grown on erythritol could respire erythritol. Similarly, only yeasts grown on galactitol respired galactitol. But the ability to respire other polyols did not depend on prior growth on a specific polyol ( Table 3) . Torulopsis candida respired L-arabinitol much faster when grown on galactitol than on the other substrates ( Table 3) . The rate for D-arabinitol was higher for that yeast when polyol-grown than when grown on succinate or D-glucose. On the other hand, the rates at which T. candida respired D-glUCitOl or D-mannitol varied much less with the growth substrate (succinate or polyol) than the rates at which other polyols were respired. These rates for D-glucitol and for D-mannitOl were, however, fastest when the yeast was grown on the respiratory substrate itself.
Respiration rates were generally constant for the first 2 hr with no pronounced initial lag, though D-mannitOl oxidation by Torulopsis candida grown on D-mannitol provided a striking exception (Fig. 2) . The rate of respiration of this polyol gradually increased to a maximum at about 1-5-2 hr. after zero time. Efect of p H value. The effect of pH on polyol oxidoreductase activity ofcrude extracts of yeasts was studied for : (i) Torulopsis candida, D-glucitol + D-fructose (NAD) (see Fig. 3 Chavravorty et al. 1962) . In each case, maximum rates for the polyol oxidation were found at or above pH 9, and between pH 5 and 7 for the ketose reduction. Buffers at pH values near these optima were used for further experiments. Different pH optima for oxidation and reduction are characteristic for the pyridine coenzyme-linked dehydrogenases, e.g. for L-iditol dehydrogenase (Smith, I 962). By contrast, the cytochrome-linked mannitol dehydrogenase of Acetobacter suboxydans catalyses the oxidation of polyols with an optimum at about pH 5 (Arcus & Edson, 1956 (Table 4) were low, as is not unusual with polyol dehydrogenases (e.g. Horecker, 1962a; Scher & Horecker, 1966a) . Hence it was impracticable to compare activities at optimum substrate concentrations. Substrate and coenzyme specijkities of crude cell-free extracts. The rates of NAD-and NADP-linked oxidations of polyols and reductions of sugars by crude extracts were nearly linear for at least 2 min. after the addition of coenzyme. The activities varied according to the substrate on which the yeast was grown ( Tables 5 6 ) . With Tordopsis candida erythritol was oxidized only by erythritol-grown material ; and the only NAD+-linked oxidation of D-mannitol occurred with D-glucitol-grown yeast. For Candida utilis, the polyol dehydrogenase activity of extracts of D-xylose-grown cells was about ten times that of cells grown on acetate or glucose ( Table 6 ).
The present observations on the polyol dehydrogenase activity of Candida utilis are compared in Table 6 with those made by Horecker and his colleagues (Chakravorty et al. 1962 ; Chakravorty & Horecker, 1966; Horecker, 1961 ; 1962a, b) with a partly purified enzyme ( x 35) obtained from the same strain of yeast (presumably D-xylosegrown, see Horecker, I 962 b) by fractionation with ammonium sulphate and acetone (Chakravorty et al. 1962; Chakravorty & Horecker, 1966) . The last two columns show that the relative rates of NAD+-linked polyol oxidation were similar for the crude extracts of D-xylose-grown yeast used in the present experiments and for the fractionated preparation of Chakravorty et al. (1962) . This similarity is particularly remarkable in view of differences between the two sets of experiments (a) in concentrations of polyol and of NAD+, and (b) in pH.
Even larger differences were found between the activities of extracts of succinategrown Pichia delftensis (LTS 24) and of the same yeast grown on D-glucitol (Table 5) . There was much greater NADP-linked polyol dehydrogenase activity in extracts of Torulopsis candida than in those of the Pichia species.
No direct evidence was found of coenzyme-linked oxidation of galactitol or of L-arabinitol by extracts of Torulopsis candida (Table 5) , even when the yeast had been grown on galactitol. Extracts of D-glucitol-grown T. candida, however, reduced both D-galactose and L-arabinose in the presence of NADPH ( tions, the respective products of these two reductions were presumably galactitol and L-arabinitol, though this assumption was not checked experimentally. D-lyxo-Hexulose, an expected oxidation product of galactitol, was not reduced either by NADH or by NADPH in the presence of extracts of T. candida.
Oxidation of ribitol by cell-free extracts. An apparent NAD-linked oxidation of ribitol by extracts from acetate-grown Candida utilis was traced to small amounts of ethanol (< 0.3 %, w/w) in ribitol recrystallized from ethanol. These extracts did not oxidize ribitol recrystallized from water. C. utilis extracts catalysed a very [active NAD-linked oxidation of ethanol. No spurious activity with ribitol was observed with preparations from Torulopsis candida, which appeared to lack NAD-or NADP-linked ethanol dehydrogenase activity. * Or 59 (Horecker, 19624 Table 3 ).
Comparison of activities of extracts with those of whole organisms. Generally, yeasts that could respire any given polyol yielded extracts which oxidized that polyol: the only exception was that of Torulopsis candida which could utilize galactitol and L-arabinitol for growth but yielded extracts that were inactive towards galactitol and L-arabinitol. Extracts of erythritol-, but not succinate-, D-mannitol-or D-glucitolgrown T. candida oxidized erythritol (Table 5 ) ; this was true also for the oxidation of erythritol by intact organisms ( Table 3) .
There were a number of instances of a polyol oxidized by an extract of a yeast, but not utilized for growth by the corresponding intact organisms. Examples included Candida utilis (D-glucitol) and Pichia membranaefaciens (erythritol).
Products of polyol oxidation by cell-free extracts
The products of coenzyme-linked dehydrogenase activity of cell-free extracts were examined chromatographically and were identified as ketoses and aldoses, correspond- ing to the polyol oxidized ( Table 7) . The R, values agreed with those of authentic substances run on the same chromatogram to within 3 %. In certain experiments, two sugars were detected, suggesting that more than one dehydrogenase was acting on the polyol. 
Entry of polyols into yeast cells D-Ghcitol: comparison of Pichia delftensis with Candida utilis. Intact C. utilis (LTS 23)
did not use D-glucitol for growth (Table I) , though extracts from cells grown on D-xylose contained an enzyme which oxidized D-glucitol to D-fructose (cf. Chakravorty et al. 1962 ) and the yeast could use D-fructose for growth and for respiration. Hence exogenous D-glUCitOl probably does not penetrate intact cells of this strain (cf. Cirillo, 1961) . This inference was confirmed when comparing the uptake of [U-14C]~-glucitol by C. utilis and by Pichia delftensis (which could use D-glucitol), assuming that the polyols are not modified before entering the yeast cells. Within 15 min. after the addition of labelled substrate, there was a much greater uptake by P. delfensis at 30° than at oo (Fig. 4) . For C. utilis, however, there was no significant difference between the radioactivity at 30" and at oo, even after 45 min. incubation; the uptake at both temperatures by this yeast was lower than that of P. delftensis at 0".
Erythritol: aerobic and anaerobic uptake by Torulopsis candida. In a similar experiment, the uptake of [U-14C]erythritol was studied with erythritol-grown Torulopsis candida (NCYC 576). The approximate rate of aerobic uptake was found to be 640
Use ofpolyols by yeasts I49 counts/sec./mg. dry wt/hr, equivalent to at least 0.69 pmole of erythritol/mg. dry wt/hr. This rate was of the same order as the rate of erythritol oxidation: Qoz = 65 (Table 3) = 0.64 pmole of erythritollmg. dry wt/hr (assuming the complete oxidation of eryt hrit 01).
Entry of sugars into yeast cells has usually been measured either (i) with nonmetabolizable substrates, for example the penetration of L-xylo-hexulose into Saccharomyces cerevisiae (e.g. Cirillo, 1961) , or (ii) by using inhibitors of metabolism, such as iodoacetate (e.g. Burger, Hejmovk & Kleinzeller, 1959) . Since the specificity of inhibitors is often in doubt (cf. Davies, 1964) an advantageous technique is to study the entry of metabolites into a completely aerobic yeast under anaerobic conditions (Kotyk & Hofer, 1965 Barnett, unpublished observations) . This 'uphill' transport of those polyols occurs even anaerobically or in the presence of 0.5 mMiodoacetate, which stops oxygen uptake with these substrates and lowers the rate of endogenous respiration.
Pichia membranaefaciens and Pichia delftensis.
In aerobic experiments such as those described above, succinate-grown P. membranaefaciens was found to be impermeable both to D-glucitol and to erythritol, and D-glucitol-grown P. delftensis to erythritol. In each case the yeast was grown in the presence of 0.025 M-substrate against which it was to be tested.
Number and identity of polyol dehydrogenases in crude extracts
Kinetic experiments. Activity against several polyols of certain extracts from Torulopsis candida suggested the presence of more than one NAD-linked polyol dehydrogenase in each extract. Tests for the presence of more than one polyol dehydrogenase in extracts of succinate-grown T. candida were done by adding two oxidizable polyols, of different configurations simultaneously (cf. Dixon & Webb, 1964) . A mixture of D-glUCitOl and ribitol was oxidized a little more slowly (0.057 pmole of NADH formed/min.) than D-glUCit 01 alone (0.062 pmole/min.) Similarly, a mixture of D-fructose and L-xylo-hexulose was reduced more slowly (0.1 I I pmole of NADH oxidizedlmin.) than D-fructose alone (0-I 22 pmolelmin.). Since the experiment provided near saturation conditions for substrates, an additive effect would have been expected if two enzymes were present.
Separation of polyol dehydrogenases by gel electrophoresis
Enzymes of Torulopsis candida. Extracts of T. candida grown on succinate, D-mannitol, D-glucitol or] erythritol, were subjected to starch-gel electrophoresis. The results of incubating the gels with different polyols and NAD+ or NADP+ are shown in Fig. 5 . The polyol dehydrogenase activity was associated with nine distinct fractions ( Fig. 5 ; Table S ), suggesting that there were nine distinct enzymes. These enzymes varied in specificity towards the polyols, and in coenzyme specificity. Also the presence or absence of some of the enzymes was affected by the carbon source on which the
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yeast was grown. The enzymes have been numbered I to 9, no. I migrating farthest towards the anode during electrophoresis. Enzymes I to 5 were NAD-linked, 6 to g were NADP-linked.
Extracts of succinate-grown Torulopsis candida gave three bands of polyol dehydrogenase activity, numbered I, 3 and 9 ( Fig. 5; Table 8 ). Bands I and 3 were possibly isoenzymes since: (i) they are the only pair of all the nine bands which appear to be Table 8 .
identical in their specificity for polyols and coenzymes; and (ii) they are both constitutive. On the other hand, the relative intensities of the two bands varied with different substrates (Fig. 5) . That bands I and 3 have the same characteristics fits the conclusion from the kinetic evidence, already discussed, that the succinate-grown material contained only a single NAD-linked polyol dehydrogenase. ; and Smith (I 962)), these enzymes oxidized ribitol to D-erythro-pentulose, xylitol to D-threo-pentulose, D-glucitol to D-fructose and L-iditol to L-xylo-hexulose. On the other hand, unlike the enzymes I and 3, L-iditol dehydrogenase also oxidizes D-mannitol, L-arabinitol and galactitol, though very slowly under most conditions of assay. This table summarizes the information given in Fig. 5 , the caption of which gives the methods used. The enzymes are arranged in the order they were detected on the gels, no. I , farthest from the slot. +, substrate oxidized; -, substrate not oxidized. An asterisk indicates that the corresponding enzyme was detected in yeast grown on the carbon-source indicated. Enzymes 1-5 were NAD-linked; 6-9 were NADP-linked. None of the enzymes oxidized L-axabinitol or galactitol (the latter used at 0-1 M).
Direction of movement + anode Slot 9 8 7 6 
, substrate yeast Erythrit ol Coenzyme t Enzymes found in the succinate-grown yeast were also present in that grown on polyols.
The constitutive, NADP-linked polyol dehydrogenase (band 9) oxidized D-glUCit01, xylitol, D-mannitol and D-arabinitol, but not ribitol, L-iditol or erythritol. Enzyme 9 gave a single band, showing this specificity, both with the tris-DETPA discontinuous gel-buffer (pH 7.8) and with the phosphate buffer system (pH 7.0). In oxidizing xylitol, this enzyme differed from the NADP-linked D-mannitol dehydrogenase of Acetobacter suboxydans (Bygrave & Shaw, 1961; Kersters, Wood & De Ley, 1965) .
The NADP+-linked polyol dehydrogenase activity of succinate-or erythritolgrown yeast was always associated with a single band (9), on both starch and polyacrylamide gels. However, the relative intensity of band 9 on different substrates varied with the source of extract; for example, the intensity with xylitol relative to that with D-glucitol, D-mannitol or D-arabinitol was greater for succinate-grown Torulopsis candida than that for D-mannitol-, D-glucitol-or erythritol-grown yeast (Fig. 5) . This would not be expected if band 9 represented a single enzyme. (Table 5) , but no other sign of these aldose-reductase activities was detected in extracts from the succinategrown material. This apparent contradiction between NADP-linked oxidative and reductive behaviour (for example, L-arabinose and D-ribose were reduced with NADPH, but neither L-arabinitol nor ribitol was oxidized with NADP+ and extracts from succinate-grown T. candida) was not resolved.
The marked difference between the mannitol-and succinate-grown Torulopsis candida was the presence in the former of the NADP+-linked bands 7 and 8. Perhaps one or both of these bands represented some of the missing aldose reductase activity discussed above. They were not investigated.
The NAD+-linked enzymes 2 and 4 ( Fig. 5 ; Table 8 ) appeared only in extracts of Torulopsis candida which were grown on D-glucitol. Enzyme 2 may be responsible for the NAD+-linked activity with D-mannitol and D-arabinitol, which was not found with succinate-or D-mannitol-grown material ( Table 5 ). The polyol-specificity of enzyme 2 corresponded exactly with that of the NADP+-linked enzyme g (Table 8 ) which was discussed above.
The NADP+-linked enzyme 6, which appeared only to oxidize D-glUCitOl, differed from enzymes 7 and 8 of the mannitol-grown yeast. Electrophoresis of mixtures of extracts from mannitol-and glucitol-grown yeast produced all three bands separately, in relative positions and with specificities corresponding to those shown in Fig. 5 .
Erythritol-grown yeast was the only material in which the oxidation of erythritol was observed. The pattern of specificity was such that this NAD+-linked enzyme (5) oxidized only the meso-polyols, i.e. xylitol, ribitol and erythritol: it was not tested against L-iditol.
Enzymes of Candida utilis. The NAD-linked polyol dehydrogenase activity of C. utilis (LTS 23) was difficult to resolve electrophoretically. The difficulties were mainly due (i) to the presence in the crude extracts of an NAD-linked ethanol dehydrogenase, (ii) to the presence of ethanol in the commercial starch preparation used for making the gel. After electrophoresis of extracts of C. utilis, starch-gel strips incubated with NAD+, PMS and NBT, but without substrate, developed about 20 formazon bands. When 0.1 methanol was added to the incubation mixture, bands in corresponding positions appeared more rapidly and were darker than those that developed without added substrate. This failure of the negative controls with starch-gel electrophoresis of extracts of certain yeasts did not occur when polyacrylamide was used in place of starch. A comparable effect for the starch-gel electrophoresis of extracts of mammalian tissue has also been attributed to the presence of alcohol dehydrogenase (Shaw & Koen, 1965) .
A commercial preparation of yeast alcohol dehydrogenase subjected to starch-gel electrophoresis gave bands which developed without the addition of ethanol to the incubation mixture; and these bands did not increase in number when ethanol was added. After starch-gel electrophoresis of liver alcohol dehydrogenase, C. J. R. Thorne (personal communication, I 966) also found strong bands without added substrate. He estimated enzymically that one batch of starch contained 3-6 g. ethanol/Ioo g. starch (cf. Beutler, I 967).
Polyacrylamide gels also presented some difficulty. Crude extracts of Candida utilis oxidized ribitol in the spectrophotometric assays ( 
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ribitol was detected in polyacrylamide gels, either with tris-DETPA (pH 7-8) or with phosphate (pH 7.0) gel buffers, even if the gels were washed to remove catalyst and unpolymerized acrylamide (Tombs, 1965) . These gels revealed: (i) a single band of NAD+-polyol dehydrogenase active against D-glucitol, D-mannitol, D-arabinitol and xylitol, and (ii) a band of ethanol dehydrogenase.
These two difficulties (the failure of the negative controls with starch and the apparent enzyme-lability in polyacrylamide) were side-stepped as follows. After only about 15 min. of incubation (before the bands evoked by ethanol appeared, but after those associated with the polyols had done so), the starch-gel strips were removed from the incubation-mixture and placed in 5 % aqueous acetic acid. The result of this procedure can be seen in Fig. 6 . The specificity of enzyme I, oxidizing D-glucitol, (LTS 23) . Vertical starch-gel electrophoresis was run for 5 hr under the conditions described in Fig. 5 , except that formazan development was for 15 min. only, and the coenzyme was NAD+ only. The albumin marker was at about 10 cm. from the origin-slot of each strip in the direction of the anode.
D-mannitol, D-arabinitol and xylitol, was comparable with that of enzyme 2 of Torulopsis candida (see Table 8 ). Enzyme 3 showed a specificity similar to that of the L-iditol dehydrogenase-like enzyme (I and 3) of T. candida. Candida utilis enzyme I (Fig. 6 ) was detected after starch-gel electrophoresis of an extract from the same yeast grown on acetate. It was not practicable to identify other enzymes from this material owing to interference from a very active alcohol dehydrogenase (see Table 6 ).
Starch-gel electrophoresis of xylose-grown Candida utilis revealed a single band which appeared when the gel-strip was incubated with NADP+ and D-glUCitOl, xylitol or L-arabinitol, but not with NADP+ and D-mannitol or D-arabinitol. This band probably corresponds with the enzyme described by Scher & Horecker (1966a, b) .
Enzymes of Pichia species. Only weak NAD+-linked polyol dehydrogenase activity was found on the starch-gels after electrophoresis of extracts of P. delftensis grown on D-glucitol or of P. membranaefaciens grown on succinate. Material from succinate- In general, there was a good agreement between the spectrophotometric observations, the results of starch-gel electrophoresis and the chromatographic analysis of the products of polyol oxidation. These results are considered together in the Discussion.
DISCUSSION
Identity of polyol dehydrogenases Fifteen distinct polyol dehydrogenases have been described above : eight for Torulopsis candida, four for Candida utilis and three for Pichia delftensis. These enzymes varied in their substrate-, coenzyme-, and inducer-specificities. However, identity with a previously reported enzyme has been suggested only for the constitutive NAD-linked dehydrogenase of T. candida, corresponding with enzyme 3 of C. utilis. Too few substrates were used for identifying these enzymes ; and, furthermore, the presence of more than one polyol dehydrogenase in the crude extracts usually made impracticable the measurement of relative rates of activity of a single enzyme. Attempts to elute the enzymes from the gels failed.
Polyol dehydrogenases of Torulopsis candida Extracts of succinate-grown yeast oxidized D-glucitol to fructose in the presence of NADf and to xylo-hexulose with NADP+. From the configuration of D-glUCitOl, the two products were presumably D-fructose and L-xylo-hexulose (though the configurations were not checked experimentally); both these hexuloses were reduced by the extracts (Table 5) .
The only constitutive dehydrogenase found to oxidize D-mannitol was the NADPlinked enzyme 9. Extract of succinate-grown yeast, with NADP+, oxidized D-mannitol to D(?)-fructose only. Probably, therefore, enzyme g catalyzed the above oxidoreduction. L-Iditol, on the other hand, was oxidized only by enzymes I and 3; this polyol, when incubated with crude extracts in the presence of NAD+, formed L(?)-xylo-hexulose. Similarly, NAD-enzymes I and 3 appeared to oxidize ribitol to erythropentulose. Since the specificity of this enzyme seemed to correspond to that of L-iditol dehydrogenase, the erythru-pentulose probably had the D-configuration (see Touster & Shaw, 1962; Smith, 1962) . Similarly, xylitol was probably oxidized to D-threopentulose by enzymes I and 3 and to L-threo-pentulose by 9.
With D-glucitol-grown Torulopsis candida, more than one enzyme specific for each coenzyme was present (Table 8 ) and, correspondingly, more than one polyol oxidation product was formed ( Table 7) .
The failure to detect the oxidation of both galactitol and L-arabinitol, despite evidence of their formation from corresponding aldoses, may have been because the affinity of the appropriate dehydrogenase for these polyols was very low, or the experimental conditions (e.g. pH) were unsuitable for this reaction. However, the catabolism of galactitol and L-arabinitol was not investigated further. None the less, it is worth drawing attention to additional evidence for the association between the catabolism of galactitol and of L-arabinitol. All the yeasts which grew on L-arabinitol used galactitol too ( Table I) . This was not true for D-arabinitol. Possibly, therefore,
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an NADP-linked aldose reductase may initiate the catabolism of galactitol and L-arabinitol ; and this enzyme may be specific for polyols of the L-threo-configuration adjacent to the primary alcohol group, as Shaw (1956 Shaw ( , 1962 found for the ketoseforming galactitol : NAD oxidoreductase of a pseudomonad. Alternatively, the galactitol-specific enzyme of Torulopsis candida may prove comparable with the NADP-linked (aldose-forming) polyol dehydrogenase of Candida utilis (Scher & Horecker, 1966a, b) or even with that of Candida albicans (Veiga, Bacila & Horecker, 1960) , though the latter enzyme was not tested against galactitol or galactose.
Where two sugars were detected as products of activity of cell-free extracts, these sugars are interpreted here as direct products of polyol oxidation, though they could have been formed by the action of isomerases. This suggestion applies most obviously to the mixture of mannose and fructose found after incubation of an extract of D-glucitol-grown Torulopsis candida with D-mannitol and NAPD+. The mannose could have been formed from fructose by the action of a mannose isomerase (Palleroni & Doudoroff, 1956) . Similarly, a xylose isomerase (Slein, 1962) could have formed D-xylose from D-threo-pentulose. Although such possibilities must be borne in mind, extracts of D-glucitol-grown yeast showed high aldose-reductase activity (Table 5) and controls incubated without coenzyme formed no sugars. Table 9 summarizes the above and additional inferences on the specificities of the constitutive enzymes, from succinate-grown Torulopsis candida (I, 3 and 9) as well as two enzymes found in D-glucitol-grown yeast (2, 6). Extracts from D-glucitol-grown T. candida in the presence of NADP+ formed certain aldoses in addition to those formed by succinate-grown yeast (Table 7) , and only one additional NADP+-linked enzyme (6) was detected on the gels for D-glUCitOl-grOWn material (Table 8) . Although it appeared to react with D-glucitol only, the aldose-producing activity has been tentatively attributed to enzyme 6 ( Table 9 ), assuming that its reactions with D-mannitol, ribitol, xylitol and D-arabinitol were too weak to detect on the gels. None of the other enzymes can be considered in this way, because the products with extracts from yeast grown on other substrates were not examined chromatographically.
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NAD-linked polyol dehydrogenases of Candida utilis
In the present work, three different polyol dehydrogenases were separated from the crude extracts of Candida utilis by starch-gel electrophoresis. The purified preparation of Chakravorty et al. (1962) probably contained enzyme I (Fig. 6) , since it oxidized mannitol. Since the preparation also oxidized L-iditol and ribitol, it probably contained also at least one of the other enzymes, Alternatively, the oxidation of the last two polyols may have been only apparent. The reduction of NAD+ could have been due, not to the oxidation of ribitol or L-iditol, but to the presence of both (i) NADlinked alcohol dehydrogenase in the purified preparation and (ii) traces of ethanol present in recrystallized polyols, as was experienced in the present work with crude extracts of acetate-grown C. utilis.
Although eight separate polyol dehydrogenases were detected by starch-gel electrophoresis in extracts of Torulopsis candida, and only four such enzymes in Candida utilis, the effective difference between these yeasts in their abilities to use polyols is probably one of penetration: that is to say, polyols do not enter the cells of this strain of C. utilis. As can be seen from the rates shown in Table 5 , the specific activities of the NAD+-linked dehydrogenases against a number of the polyols were of the same order for the crude extracts of both yeasts. Most of the polyol dehydrogenase activity of Pichia delftensis seemed to be NADf-rather than NADP+-linked (Table 5) . Further the NAD+-linked activity was about IOO times greater in D-glucitol-than in succinate-grown P. delftensis; that of the latter was comparable to the activity of succinate-grown P. membranaefaciens.
As for Candida utilis, certain polyols were oxidized at appreciable rates by extracts of these yeasts, although the same polyols were not respired by the corresponding intact cells. Thus extracts of D-glucitol-grown Pichia delftensis oxidized xylitol and erythritol, and extracts of succinate-grown P. membranaefaciens oxidized ribitol and erythritol (Table 5 ) ; whereas corresponding intact cells did not respire these substrates. Hence, on this evidence alone, it seemed likely that permeability barriers would be found to be deciding factors of utilization or non-utilization of most of the polyols by these yeasts. This suggestion was corroborated by the results of experiments with labelled substrates. Probably, therefore, P. delftensis and P. membranaefaciens are distinguished from each other by some polyol translocation mechanism (or mechanisms) present in the first species and not in the second.
Only in the case of erythritol for Torulopsis candida was the presence and absence of an enzyme clearly associated with the capacity of the yeast to use the enzyme's substrate Most of the evidence in this study has been of an abundance of polyol dehydrogenase activity in extracts of the yeasts (mainly NAD+-linked and ketose producing) whether or not the intact yeast could use the polyols which its enzymes oxidized. Active NADP+-linked enzymes were also found particularly for the oxidation of mannitol by T. candida. Scher & Horecker (1966 a, b) have described the NADP-linked polyol dehydrogenase of Candida utilis.
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